-In vitro and animal studies have implicated osteopontin (OPN) in the pathogenesis of aortic aneurysm. The relationship between serum concentration of OPN and variants of the OPN gene with human abdominal aortic aneurysm (AAA) was investigated. Methods and Results-OPN genotypes were examined in 4227 subjects in which aortic diameter and clinical risk factors were measured. Serum OPN was measured by ELISA in two cohorts of 665 subjects. The concentration of serum OPN was independently associated with the presence of AAA. Odds ratios (and 95% confidence intervals) for upper compared with lower OPN tertiles in predicting presence of AAA were 2.23 (1.29 to 3.85, Pϭ0.004) for the population cohort and 4.08 (1.67 to 10.00, Pϭ0.002) for the referral cohort after adjusting for other risk factors. In 198 patients with complete follow-up of aortic diameter at 3 years, initial serum OPN predicted AAA growth after adjustment for other risk factors (standardized coefficient 0.24, Pϭ0.001). The concentration of OPN in the aortic wall was greater in patients with small AAAs (30 to 50 mm) than those with aortic occlusive disease alone. There was no association between five single nucleotide polymorphisms or haplotypes of the OPN gene and aortic diameter or AAA expansion. Conclusions-Serum and tissue concentrations of OPN are associated with human AAA. We found no relationship between variation of the OPN gene and AAA. OPN may be a useful biomarker for AAA presence and growth. (Arterioscler Thromb Vasc Biol. 2007;27:655-660.)
associated with considerable morbidity and mortality in the Western world. 1 The identification, monitoring, and selection of patients for treatment presently rely on aortic imaging and clinical judgment. 2 The cause of AAAs remains unclear. Identified risk factors for AAA include increasing age, male gender, smoking, coronary heart disease (CHD), hypertension, dyslipidemia, and a positive family history. [3] [4] [5] A number of studies have examined the association between circulating and genetic factors with the presence or expansion of AAAs; however, there have been no replicated findings to date. 6 -9 Because accumulation of macrophages and lymphocytes is a consistent observation in biopsies of human AAA, circulating markers of inflammation may play a role in the identification of patients with AAA or those more likely to expand to a size requiring treatment. 9, 10 
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Osteopontin (OPN, SPP1, OMIM*166490) is a phosphorylated acidic glycoprotein that has been implicated in a large number of physiological and pathological processes including bone remodelling, vascular calcification, and tumor metastasis. 11, 12 Experimental studies support a role for OPN in promoting inflammation, proteolysis, and atherosclerosis, which are all integral processes in AAA. [12] [13] [14] [15] [16] [17] [18] In fact, OPN has been specifically linked with development of AAA in an animal model. 19 In humans, common variants of the OPN gene have been associated with immunologic diseases and also related to the serum concentrations of the protein. 20 -23 The aim of the present study was to assess the relationship between serum OPN concentrations, polymorphisms of the OPN gene, and AAA presence and growth in humans.
Methods

Study Design
We tested the following hypotheses in this study: (1) Serum (a) and tissue (b) OPN concentrations are associated with the presence of AAA; (2) Serum OPN concentration is associated with the growth rate of AAA; (3) Selected single nucleotide polymorphisms (SNPs) in the OPN gene are associated with the presence of AAA; (4) Selected single nucleotide polymorphisms (SNPs) in the OPN gene are associated with the growth rate of AAA. To examine these hypotheses we assessed patients from two different populations. Firstly, we used patients from the Western Australia Screening Study. 5 DNA was available from 4227 subjects of which 689 had an AAA (maximum aortic diameter Ն30 mm) and 3538 did not (maximum aortic diameter Ͻ30 mm). This sample was used to examine hypothesis three. Serum was available from 233 patients with AAA from this population. We selected a similar number of controls (nϭ233) from the screened population who did not have an AAA. Selection of these subjects was based on aortic diameter (19 to 22 mm) and a similar age range. A previous study suggested normal aortic diameter in this population and age group for men is 19 to 22 mm. 5 This group of screen detected patients with AAA, and matched controls were used to assess hypothesis 1a. To further examine the value of OPN as a biomarker for AAA we examined a second population. This cohort was a consecutive series of patients referred to a tertiary vascular referral center for aortic assessment. 132 of this referral population were found to have an AAA, and 67 did not have an aortic aneurysm. This population of referral detected AAAs (nϭ132), and controls (nϭ67) were also used to assess hypothesis 1a. From this referral population 24 patients underwent open aortic surgery and were used to assess hypothesis 1b. Hypothesis 4 was examined in a subset of patients with AAA (nϭ644) from the screened population in which 6 monthly ultrasound surveillance was carried out for a minimum of 12 months (median 54 months). Hypothesis 2 was examined in a subset of patients in which serum was available, who had been identified from the screened (nϭ146) or referral (nϭ52) populations in which ultrasound follow-up was available for a minimum of three years. The study was approved by the relevant ethics committees, and informed consent was obtained from participating patients.
Clinical Data and Definitions
To adjust for other risk factors for AAA development and progression we collected a variety of clinical characteristics including: age, gender, hypertension, diabetes, dyslipidemia, coronary heart disease (CHD), smoking history, peripheral arterial disease (PAD), family history of AAA, and blood pressure (BP) (see supplementary methods for definitions available online at http://atvb.ahajournals.org).
Assessment of Aortic Diameter
The maximum transverse and anteroposterior diameter of the infrarenal abdominal aorta was measured by an experienced vascular sonographer at each site utilizing a 3.75 MHz probe and their own validated ultrasound equipment (Toshiba Capasee, Philips HDI 5000; GE Logic 9). The reproducibility of aortic measurements is regularly assessed in these vascular laboratories. For example, the reproducibility of aortic readings was recently assessed in one laboratory by two repeat readings on 10 patients with AAA. The coefficient of repeatability was 1.2 mm, and the limit of agreement Ϫ0.8 to 1.6 mm.
Analysis of Serum and Aortic OPN
Blood was collected from patients after an overnight fast. Serum was stored at Ϫ80°C until later batch assessment of OPN concentrations using ELISA according to manufacturer's instructions and expressed as ng/mL (R&D Systems). 15 This assay was selected because a previous study demonstrated excellent recovery and intra-and interassay reproducibility in our laboratory. 24 In a subgroup of patients undergoing open aortic surgery for occlusive disease (nϭ6) or AAA (nϭ18), biopsies taken from the anterior wall of the aorta opposite the inferior mesenteric artery were available for measurement of tissue OPN concentration. The cohort included 6 patients with small AAAs (Ͻ50 mm) in which the decision to carry out aortic intervention was also influenced by concurrent symptoms of occlusive iliac atheroma. Aortic biopsies were ground under liquid nitrogen (LN 2 ), and proteins were extracted and quantified as previously described. 25 The concentration of OPN within aortic biopsies was measured using ELISA (R&D Systems) and expressed as pmol/L per mg of protein. Western analysis was used to confirm the results of ELISA as previously described. 25 The localization of OPN in aortic biopsies was investigated with immunohistochemistry as previously reported. 15, 25 
C-Reactive Protein Assay
C-reactive protein (CRP) was measured by a high-sensitivity assay, with the use of the particle-enhanced immunonephelometry system on the BNII analyzer (Dade Behring). 9
Genotyping
Fifty-five single nucleotide polymorphisms (SNPs) have been identified in the human OPN gene (SPP1, http://www.ncbi.nlm.nih.gov/ projects/SNP/). Many of these are within noncoding regions of the gene and have not been related to any functional effects. We selected 5 SNPS (rs4754, location exon 6, rs9138, location 3Ј-UTR, rs11226616, location exon 7, rs1126772, location 3Ј-UTR, and rs11730582, location promoter) based on previous association with autoimmune diseases and ability to determine haplotypes predicting serum OPN concentrations. 20 -23 Genotyping was performed using real-time quantitative polymerase chain reaction (PCR) utilizing custom TaqMan probes (see supplemental methods, available online at http://atvb.ahajournals.org, and Table 1 ). Error rate was assessed by duplicate analysis of 10% of the samples and found to be Ͻ0.05%.
Statistical Analyses
The characteristics of patients with AAA and controls were compared with Pearson Chi-Squared for nominal variables and Mann-Whitney U test for continuous variables (Tables 1 and 2 ). We used binary logistic regression analysis to examine the relationship between serum OPN and CRP with AAA allowing for other known determinants of aneurysm ( Table 3 ). The ability of serum OPN and CRP to distinguish the patients with AAA was investigated using receiver operating characteristic (ROC) curves and area under the curve (AUC). The association of aortic OPN concentration with aortic diameter group was examined with Kruskal Wallis and Dunnett T3 posthoc tests ( Figure 1 ). Trend analysis revealed that change in aortic diameter over time approximated linear, therefore the association of serum OPN with aortic expansion was assessed Nominal variables are presented as numbers and continuous variables as meanϮSD. CHD indicates coronary heart disease; CAD, cerebral artery disease; PAD, peripheral artery disease; CRP, C-reactive protein; OPN, osteopontin.
with linear multiple regression analysis to allow for other known determinants of AAA progression (initial aortic diameter, diabetes, and smoking history). SNPs were tested for deviations from Hardy-Weinberg equilibrium using an exact Markov-Chain Monte Carlo (MCMC) test. 26 The association between OPN genotype and haplotype with AAA presence, aortic diameter, and growth were examined using a Generalized Linear Model framework accounting for covariates in the software package SimHap vBeta2.1. 27, 28 Linkage disequilibrium (LD) between SNPs as measured by the DЈ and r 2 metric was assessed and haplotype frequencies were estimated using the Bayesian-MCMC framework implemented in Phase v2.1.1 and statistical significance was assessed by means of permutation testing. 29
Results
Serum OPN and AAA
We examined the association between serum OPN and AAA in 2 cohorts. Firstly, we compared serum OPN in 233 patients with AAA (220 patients with 30 to 49 mm diameter AAAs and 3 patients with 50 to 54 mm diameter AAAs) and 233 controls with normal aortic diameter (19 to 22 mm) identified from a population screening study (Table 1) . Secondly, we examined serum from a cohort of 199 patients referred for aortic assessment at a tertiary vascular center (31 patients with Ն50 mm diameter AAAs, 101 patients with 30 to 49 mm diameter AAAs, and 67 patients with aortic diameter Ͻ30 mm; Table 2 ). Serum OPN was significantly higher in patients with AAA (Tables 1 and 2) . OPN was independently associated with the presence of AAA after adjusting for other risk factors in both cohorts. Subjects with serum OPN in the highest tertile were more than twice as likely to have an AAA compared with those with serum OPN in the lowest tertile after allowing for other risk factors in the population cohort (Table 3 ). Independent odds ratio for upper and middle OPN tertiles were 4.08 (95% CI 1.67 to 10.00, Pϭ0.002) and 3.06 (95% CI 1.30 to 7.23, Pϭ0.01) in the referral cohort. Serum CRP was also associated with the presence of AAA in the population cohort only ( Table 1 ). The association of serum OPN with AAA was independent of CRP level (Table 3) . Mean serum OPN was 77.4Ϯ43.5 ng/mL in patients with 30 to 49 mm AAAs compared with 77.3Ϯ44.5 ng/mL in those with 50 to 80 mm AAAs in the referral cohort, Pϭ0.99. The AUC from ROC analyses of serum OPN in determining the presence of AAA was 0.65 (95% CI 0.60 to 0.70, PϽ0.0001) compared with 0.61 (95% CI 0.56 to 0.66, PϽ0.0001) for CRP in the population cohort. Combining serum OPN and CRP did not improve accuracy in detecting AAA (AUC 0.66, 95% CI 0.61 to 0.70). An OPN concentration of 57.2 ng/mL gave the most accurate diagnosis of AAA but only had a sensitivity of 73% and a specificity of 52%. For screening purposes we require a test with high sensitivity. An OPN The reference comparisons are to subjects without the risk factor or with values in the lowest tertile. CHD indicates coronary heart disease; OPN, osteopontin; CRP, C-reactive protein. concentration of 37 ng/mL gave a sensitivity of 95% but a specificity of only 16% for AAA.
Aortic Wall Concentrations of OPN
The concentration of OPN in the aortic wall was measured in 24 patients undergoing open aortic surgery for occlusive disease or AAA. The patients were divided into 3 groups based on aortic diameter as aortic occlusive disease only (diameter Ͻ30 mm, nϭ6, mean diameter 20.8Ϯ4.2 mm), small AAA and occlusive disease (diameter 30 to 50 mm, nϭ6, mean diameter 44.4Ϯ6.8 mm), and large AAA (diameter Ͼ50 mm, nϭ12, mean diameter 65.5Ϯ16.4 mm). Aortic OPN concentration was associated with diameter group (Pϭ0.01), being higher in patients with small AAAs compared with those with aortic occlusive disease (Pϭ0.04) or large AAA (Pϭ0.008; Figure 1 ). The higher concentration in biopsies from small AAAs was confirmed by Western blotting (data not shown). Immunohistochemistry demonstrated that OPN was most markedly expressed within the intimal atheroma of aortic biopsies (Figure 2 ). In biopsies taken from small AAAs OPN was also demonstrated within the media and adventitia (Figure 2b ).
Serum OPN and AAA Growth
We assessed the association of serum OPN concentration with aneurysm growth (mean increase in maximum aortic diameter over three years 3.5Ϯ3.3 mm, range Ϫ5 to 14.2 mm) in 198 patients (mean age 76.7Ϯ5.0 years) with small AAAs (mean aortic diameter 34.0Ϯ3.8 mm) followed by ultrasound surveillance for 3 years (complete follow-up). Serum OPN was correlated with aortic diameter change (rϭ0.24, Pϭ0.001). After adjusting for other known risk factors for aortic expansion (initial aortic diameter, diabetes mellitus, and smoking history) serum OPN predicted AAA growth (Fϭ5.42, standardized coefficientϭ0.24, Pϭ0.001).
OPN Genotype and AAA Presence and Growth
The characteristics of the 4227 patients genotyped for OPN genetic polymorphisms are shown in Table 4 . All loci were in Hardy-Weinberg equilibrium in control samples and were therefore tested for association with AAA ( Table 5 ). No significant associations were found between any of the genotyped loci and AAA or aortic diameter (data not shown).
Aortic expansion was not significantly associated with any of the SNPs. The mean LD between loci was DЈϭ0.86 and r 2 ϭ0.58 (supplemental Table II , available online at http:// atvb.ahajournals.org). Estimated haplotype frequencies did not differ significantly between individuals with or without AAA and are shown in supplemental Table III (available  online at 
Discussion
In this study we provide evidence to support an association between OPN and human AAA. Serum concentrations of OPN were significantly higher in subjects with AAA, and the association between OPN level and AAA was independent of other risk factors for AAA. We compared OPN with the inflammatory marker CRP in terms of predicting AAA presence (Tables 1 through 3 ). We found that unlike CRP, OPN predicted AAA presence in both cohorts examined. Serum OPN was also associated with faster growth of small AAAs, which we have previously demonstrated is not the case for CRP. 9 Using ROC curves we found serum OPN concentration to be better at identifying individuals with AAA than CRP but the sensitivity and specificity achieved were too poor to support its value as a screening test. The concentration of OPN within biopsies of small AAAs was greater than demonstrated in occlusive aortic disease or large AAAs. However, no association between variants of the OPN gene, including haplotypes, and AAA was found. OPN has been shown to promote inflammation by a number of mechanisms, including supporting macrophage and T cell chemotaxis and adhesion, prolonging lymphocyte survival, and enhancing cell mediated immunity. 13, 14 OPN is also involved in the activation of proteolytic pathways such as paracrine augmentation of pro-MMP9 activity. 18 Deficiency of and therapy to reduce OPN protects against aneurysm formation in an animal model. 19, 30 These findings coupled with the serum studies outlined in this project suggest a role for this cytokine in AAA development and progression. It is possible that the high serum concentrations of OPN in patients with AAA simply reflect a response to AAA formation or are related to the environmental risk factors for the disease. The lack of association between genetic polymorphism for OPN and AAA could be interpreted as supporting this view. However, given the complex pathophysiology of AAA, it is likely that any single genetic variant will only have a weak effect on the development or progression of the condition. The demonstration of high concentrations of OPN in biopsies of small but not large AAA by comparison to patients with aortic occlusive disease alone also brings in to question the importance of OPN in aneurysm progression. It should be noted that the majority of the patients in this study had small rather than large AAAs. Thus the association of serum OPN with AAA refers to this population. We postulate that OPN plays a role in the early development and progression of AAA. High concentrations of OPN in the aorta of some patients with aortic occlusive disease could encourage the excessive positive remodelling and medial destruction typical of AAA. A larger sample of patients with aortic biopsies and serum will be required to investigate this in more detail.
In conclusion our findings support animal data suggesting a role for OPN in the initial development of AAA. Further studies are required to assess whether serum OPN combined with other biomarkers may be useful in identifying patients with AAA or predicting disease progression. We found no evidence to support the importance of genetic polymorphism in OPN in the pathogenesis of AAA.
